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ABSTRACT 

Radio emissions from young supernovae (< 1 year after the explosion) show a peculiar feature in 
the relativistic electron population at a shock wave, where their energy distribution is steeper than 
typically found in supernova remnants (SNRs) and than the prediction from the standard diffusive 
shock acceleration (DSA) mechanism. This is especially established for a class of stripped envelope 
supernovae (SNc Ilb/Ib/Ic) where a combination of high shock velocity and low circumstellar material 
(CSM) density makes it easier to derive the intrinsic energy distribution than in other classes of SNe. 
We suggest that this apparent discrepancy reflects the situation that the low energy electrons before 
accelerated by the DSA-like mechanism are responsible for the radio synchrotron emission from young 
SNe, and that studying young SNe sheds light on the still-unresolved electron injection problem in the 
acceleration theory of cosmic rays. We suggest that electron's energy distribution could be flattened 
toward the high energy, most likely around 100 MeV, which marks a transition from inefficient to 
efficient acceleration. Identifying this feature will be a major advance in understanding the electron 
acceleration mechanism. We suggest two further probes: (1) mm/sub-mm observations in the first 
year after the explosion, and (2) X-ray observations at about 1 year and thereafter. We show that 
these are reachable by ALMA and Chandra for nearby SNe. 



Subject headings: Acceleration of particles - radiation mechanism: non-thermal 
supernovae: general - supernovae: individual: SN 2011dh 



shock waves 



1. INTRODUCTION 

The most promising cosmic-ray acceleration mech- 
anism involves a st rong shock wave. In the stan- 



dard DSA scenario (jFermil 119491: iBlandford fc Ostrikerl 
[19781: lBelH[l978h . particles acquire energy through mul- 
tiple shock crossings between upstream and down- 
stream. Studying two acceleration sites - young SNe 
and evolved SNRs - provides a seemingly controversial 
result. Young SNe expanding into CSM launch a strong 
shock wave. The shock wave generat es /amplifies the 
magnetic field and accelerate s electrons (|Chevalierlll998t 
iChevalier fc Franssonl l2006bO . as is similar to SNRs. 
Stripped-envelope SNe, or SNe Ilb/Ib/Ic, are well- 

relengt 

ISoderberg et al. 112012 
bTT uToresh et al.l 12012 



studied in cm wavelengths ( e.g.. IChevalier fc Fransso 



2006 



2012 



IKrauss et al.H2012t IMaedal 

They are characterized 



by a combination of high shock velocity and relatively 
low CSM density, thus providing an ideal site to study 
the intrinsic energy distribution of relativistic electrons, 
less affec ted by absorption or cooling than other classe s 
of SNe (IChevalierl Il99l IChevalier fc Franssonl I2006bh . 
The intrinsic power law index is typically found to be 
p ~ 3 (where N(E)/dE oc E~p) ([Chevalier fc Franssonl 
2006b), not as efficient as predicted by the DSA mech- 
anism (p = 2: IBlandford fc Ostrikerl 119781: iBell 119781: 
Ellison et all 120001: IMorlino fc Capriolil I2012D . On the 



sistent with the DSA p rediction (e.g.. lBamba et al 



ycon- 
, 2003; 



other hand, the cm emission from SN Rs is general! 

; DSA p : 
lUchivama et al.ll2007l ). 

In this paper, we suggest that this apparent discrep- 
ancy indeed provides a strong hint to understanding how 
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electrons are injected into the DSA mechanism (§2). We 
suggest a scenario which explains the different proper- 
ties of the radio-emitting electrons in a unified scheme. 
Our interpretation provides (at least) two observational 
signatures: (1) mm emissions in the first year after the 
explosion (§3), and (2) X-ray synchrotron emissions at 
about 1 years after the explosion and thereafter (§4). 
The paper is closed in §5 with concluding remarks. 

2. ELECTRON ACCELERATION TOWARD THE DSA 
MECHANISM 

A major issue remains on the accelera tion of elec- 
trons. For the standard DSA mechani sm (jFermil [19491 : 
IBlandford fc Ostrikerl [l97l iBel Il978l) to work effec- 
tively, the particles must already have enough kinetic 
energy (at least 7 > 200 for electrons in SNe Ilb/Ib/Ic, 
where 7 is the Lorentz factor; see below). Numerical 
simulations predict that the energy distribution in the 
high energy regime follows the linear theory of DSA 
with p ~ 2) w hile i n the lower energy i t can be steeper 
Ellison et al]|200fl iMorhno fc Capriolill2012D . First, let 
us provide a simple argument on at which energy the 
electrons have a sufficient energy to be accelerated by 
the efficient DSA-like mechanism. The width of the col- 
lisionless shock wave can be approximated by the gyro 
radius of downstream thermal protons, while the mean 
free path of relativistic electrons can be approximated 
by the gyro radius of the relativistic electrons. Then, the 
condition that the electron's mean free path exceeds the 
shock wave width is expressed as 

E > m c c 2 ~ 100 MeV (i.e., 7 > 200) , 

(1) 

where V ~ 0.1c is the shock wave velocity typically seen 
in young SNe Ilb/Ib/Ic. The same criterion is 7 > 20 for 



2 



1E27 



N 
I 



(a) 100 GHz 



cllb-ellb 



o) 1 E26 [ 5a at 25 Mpc 

flattening" 



cllb/lb/lc 

5a at 10 Mpc^ 
1E25 I- - ■ - r,-,^ , 



1E27 



1E27 




100 
day 



Fig. 1. — Examples of multi frequency light curves of SN-CSM interaction. Our reference model ('cllb/Ib/Ic' shown in red) is the one 
which fits to the spectra and light curves of SN cllb 2011dh in cm wavelengths, where A* = 4. For the same model, the one with the 
spectral flattening at 7 = 200 and without it are shown by solid and dashed, respectively. We also examine models where only the CSM 
density is changed, to A* = 200 ('ellb') and A* = 50 ('cllb-ellb'). The 5cr detection limits in the continuum observation mode of ALMA 
with an exposure of one hour in each Band 3, 6, 7 are shown by dashed lines. 



SNRs with V ~ 0.01c. This assumes the Bohm limit for 
the strength of random magnetic field turbulence which 
is likely realized in the SN-CSM interaction, but if it is 
not the case the above criterion will go down. Above this 
energy, electrons can experience the whole compression 
(r = 4), and therefore p = (r + 2)/(r — 1) = 2 in the 
test particle limit. On the other hand, the acceleration 
of electrons below this energy can be totally different: 
Either the non-DSA pre-acceleration mechanism domi- 
nates, or these electrons are partly accelerated by the 
DSA in the non-linear regime ([Ellison et al"]|2000D where 
the subshock compression ratio is reduced by t he feed- 
back of the proton acceleration (jTati schcfi 2009). These 
processes expected for these low energy electrons could 
result in a steep distribution with p > 2. 

Now, we compare this critical energy scale to the en- 
ergy of radio-synchrotron emitting electrons (in cm wave- 
lengths). The electron's energy and the corresponding 
synchrotron emission frequency are connected by 
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where v = 10 10 ^io Hz, and B is the magnetic field 
strength behind the shock in gauss. Observationally, B ~ 
1 G in SNe Ilb/Ib/Ic and B ~ 100a* G in evolved SNRs. 
We note this is consistent with an expectation from 
equipartition: In equipartition (B 2 /At: = ^bPcsmV 2 ) 
and for the same reference value of ~ 0.1, we ex- 
pect B ~ 1 G for young SNe (ncsM ~ 10 6 cm~ 3 and 
V ~ 0.1c) and B ~ 100^ G for SNRs {n 1SM ~ 1 cm" 1 
and V ~ 0.01c). At 10 GHz typical of cm wavelengths, 
electrons' energy responsible to the emission is 7 ~ 80 in 
SNe Ilb/Ib/Ic and 7 ~ 8000 in SNRs. 

Following the above estimate, it is clear that the elec- 
trons emitting in cm wavelengths are totally in differ- 
ent energy regimes in young SNe and SNRs. The elec- 
trons' energy responsible for the radio emission is cer- 
tainly much above the DSA requirement for SNRs, so 
they are likely efficiently accelerated. On the other hand, 



the radio-emitting electrons in young SNe unlikely sat- 
isfy the efficient DSA condition, i.e., the electrons do not 
feel the shock wave as infinitesimal discontinuity. We 
suggest this is a reason why different intrinsic slopes are 
obtained for young SNe and SNRs. 

This interpretation offers a unique opportunity to 
study the electron acceleration mechanism, or the injec- 
tion problem, through the SN-CSM interaction signals 
from young SNe. Our scenario predicts that the flatten- 
ing of the intrinsic electron spectrum should take place 
above the energy currently probed in cm wavelengths. 
We propose two methods to further probe this issue using 
currently operating observatories: (1) mm observations 
(e.g., ALMA) and (2) X-ray observations (e.g., Chandra). 

3. MM/SUB-MM EMISSION (E.G., ALMA) 

At 100 GHz, the corresponding Lorentz factor of 
the synchrotron emitting electrons is 7 ~ 250 for 
B ~ 1 G, which is the energy range in which 
the flattening could already happen announcing the 
possible transition from inefficient to efficient elec- 
tron acceleration (§2). Figures 1 and 2 show an 
example of expected multi-band light curves in the 
ALMA bands, and the predicted spectral evolution for 
the same models. The model has been constructed 
through standard formalisms ([Fransson fc Biornssonl 
1998; Biornss on fc Fran sson 2004J), and fits well to the 
multi band radio li ght curves of n earby SN lib 201 ldh in 
1.4 - 36 GHz (see lMaedall2012al for the model details). 
Here, we include the effect of the spectral flattening (at 
7fl), while fixing all the other parameters as calibrated for 
SN 2011dh. We fix 7fl = 200, and p = 3 and p = 2 below 
and above 7a . The inclusion of the spectral flattening 
does not affect the properties in cm wavelengths. 

This model is shown in the figure as 'cllb/Ib/Ic'. We 
assume a steady-state wind for the CSM density as 
Pcsm = 5 x 10 n A*r~ 2 g cm~ 3 (r is the distance from 
the progenit or in cm) , and we adopt A* = 4 for SN 
lib 2011dh (ISoderberg et^[2TMlM"aedall2012al) . The 
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Fig. 2. — The spectral evolution of the model shown in Figure 1 (with 7 H = 200) at different epochs. The characteristic synchrotron 
cooling frequency is indicated by arrows for each snap shot for the model with A t = 4 ('cllb/Ib/Ic'). For the other models, the cooling 
frequency is below the frequency range shown here. In each snapshot, a dashed curve is for the model without flattening. On the left-bottom 
corner, the power law behaviors are illustrated for the cooling-dominated synchrotron spectrum with p = 3 (derived in cm observations for 
a majority of SNe cllb/Ib/Ic) and p = 2 (expected above the spectral flattening energy). The ALMA 5cr continuum sensitivities with an 
exposure of one hour are shown by black solid line in each band. 



stripped-envelope SNe (Ilb/Ib/Ic) are characterized by 
the absence/weakness of lines from pa rticular elements 
in the optical maximu m-light spectra (fFilippcnk o et al.l 
[19931 lFilippenkol[T997l) : Weak H lines in SNe lib, (gen- 
erally) absence of H lines in SNe lb, and neither H nor 
He in SNe Ic. The origin of this difference is generally 
interpreted as a different amount of envelo pe stripped off 
durin g the hydrostat ic evolutionary phase (jNomoto et al.1 
1199a iWoosfev et al.lll99l . SNe lib are (sometimes) fur- 
ther sub-divi ded into SNe ellb ('extended') and SNe cllb 
('compact') ([Chevalier fc Soderbergl 120101 ) . SNe ellb, 
cllb, Ib/Ic are then linked to the different size of the 
progenitor envelope, where SNe ellb are believed to come 
from a Red Supergiant (RSG) w hile SNe Ib/c are from 
a co mpact Wolf-Rayet (WR) ([Chevalier fc Soderbergl 
2010). Their different properties in radio wavelengths 
can be interpreted as mainly controlled by d ifferent 
CSM density rather than the SN properties ([Maedal 
l2012blFI . wher e the CSM is as dense as A* ~ 200 
for SNe ellb (|Fransson. Lundavist. fc Chevalier! 119961 : 
iFransson &: Biornssonlll998f). while it is less dense in SNe 
cllb/Ib/Ic (A* < 10) ([Chevalier fc Franssonll2006bl ). To 
take into account this variation, we also investigate SNe 
with more dense CSM, named 'ellb' (A* = 200) and a 
transitional case 'cllb-ellb' (A* = 50). Note that even 
with A* = 200, the free-free absorption is estimated to 
be negligible at ~ 100 G Hz unlike in the cm wavelengths 
([Chevalier et al.ll2006aj ). highlighting another useful na- 
ture of the high frequency observation - the transparency 
even for SNe within moderately high-density environ- 
ments (e.g., SNe ellb, Hp). 

The spectral flattening in the electron energy distribu- 
tion results in the flattening in the synchrotron spectrum. 
In light curves this is seen as a flattening in the decay 

2 Peak radio date and luminosity of SNe Ilb/Ib/Ic follow the 
expectation in which CSM de nsity is varied while the similar ex- 
plosion properties are applied {Macda 201 2bl) . 



rate, which takes place first in the higher frequency then 
eventually in the lower frequency. For denser CSM the 
transition is further delayed and the large luminosity is 
attained due to the higher magnetic field content and 
higher relativistic electron density for denser CSM. 

The model curves are compared to the 5<r detection 
limit in the continuum observation mode of ALMA wi th 
one- hour exposure in each band ([Brown et al.l I2004T ) PI 
Figure 1 shows that ALMA can detect the synchrotron 
signal from nearby SNe, and that the possible spectral 
fattening can be investigated. If 7a ~ 200 as in our refer- 
ence value (§2), this will be clearly identified in 100 — 345 
GHz. For the Cycle- 1 ALMA and an exposure of one 
hour, this is reachable for typical SNe cllb/Ib/Ic up to 
~ 10 Mpc, and to ~ 25 Mpc or even more for SNe ellb 
and the intermediate case. For the larger value of jq, the 
beginning of this light curve flattening is delayed at the 
lower flux level. 

Figure 2 shows the evolution of the synthesized spec- 
trum as a function of time, for 7a = 200. The spec- 
tral break frequency (corresponding to 7fl) moves toward 
the lower frequency as time goes by. The break appears 
within the ALMA bands at ~ 20 — 100 day, and later 
enters into the lower frequency bands. Thus, the multi- 
epoch follow-up is crucial, and coordinated follow up in 
cm wavelengths is strongly encouraged. 

In these models, the synchrotron cooling is th e domi- 
nant p rocess in the energy range of interest here ([Maedal 
l2012a|) . The cooling frequency evolves toward the higher 
energy. For the 'cllb' model, initially it is below the 
ALMA bands, and later moves into the ALMA bands and 
even to the higher energy. This evolution is in the oppo- 
site direction to the one caused by the intrinsic spectral 
flattening, thus these two effects are distinguishable. It 
will give an independent estimate of the magnetic field 

3 We have used the Cycle 1 ALMA Observing Tool for the sen- 
sitivity calculation (http://www.almaobservatory.org/). 
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Fig. 3. — Predicted long-term X-ray light curve of SN 2011dh, 
including the effect of the possible spectral flatteni ng. The model i s 
the same with 'cllb' model (A* = 4) adopted from Macda (2012a). 
The IC (black) is from the same model w hich fits the observed X- 
ray light curve by the IC (jMacda 2012aj). The contribution from 
the free-free emission is shown by green, where the one with A, = 
4 (solid) is our reference model while the other with A* = 30 
(dashed) is the high density CSM model to account for the early X- 
ray emission by the free-free emission. The 'original' synchrotron 
X-ray emission is shown by blue dashed line. The synchrotron 
X-ray emission with the spectral flattening is shown by red solid 
lines, with 7 fl = 200 (thick) and 7 fl = 1000 (thin). At ~ 10 - 100 
days, the synchrotron X-ray light curve shows slight suppression 
from the expected power law behavior due to an additional IC 
cooling. The 3<r detection limit of Chandra X-ray Observatory 
with an exposure of 1 Ms is shown by gray: Here, we sca led the 
detection limit obtained for SN 2011fc (Marguii ct al. 2012) to the 
distance to SN 2011dh and to the exposure of 1 Ms (assuming the 
Poisson- noise dominated). 

strength through the relation t ~ IIOv^q^B^ 15 days, 
providing a rare case to test different scenarios for mag- 
netic field generation/amplification. 

4. X-RAY EMISSION (E.G., CHANDRA) 

Another suggestion for the spectral flattening is 
to look into a late-time X-ray property (see also 
IChevalier fc Franssonl [2006B . Fi gure 3 shows an ex- 
pected X-ray light curve evolution (yL v at ~ 1 keV). 
This model assumes an additional low energy relativistic 
electron population at 7 < 50 to account for the X-ray lu- 
minosity at < 40 day by the Inverse Compton (IC) scat- 
tering, together with the power-law synchrotron-emitting 
electrons at 7 > 50. For the IC, we assume that the 

SN bolometric light curve follows the 56 Co decay af- 
ter 100 days. This would overestimate the IC scatter- 
ing effect there, so the IC contribution could decreases 
more quickly than shown in Figure 3 after 100 da ys. In 
addition to this reference model, [Macda (2 012al ) pro- 
vided another possibility, where the CSM density is as 
high as A.J, ~ 30 and the X-ray is dominated by the 
free-free emission from the thermal electrons ( see also 
iCampana fc Immleri [20121: iSasaki fc Duccill2012D . While 



iMaedal (|2012aj) (see also lSoderberg et al.ll2012l) preferred 
the low-density solution in view of a connection to other 
SNe Ib/c, the early-phase observation of SN 201 ldh itself 
did not discriminate these two possibilities. 

The synchrotron contribution is small as compared to 
other mechanisms if we extrapolate the intrinsic elec- 
tron energy distribution derived for the radio emitting 
electrons (7 ~ 100) to the X-ray synchrotron emitting 
electrons (i.e., without the flattening). With the spec- 
tral flattening the synchrotron X-ray is enhanced, and 
can dominate the free-free emission at > 100 days if 
7fi ~ 200 (if A* =4). It further dominates the IC X-ray 
at > 300 days. On the other hand, the free-free always 
dominates the X-ray emission if the CSM density is as 
high as A* = 30. This provides a test for the origin of the 
X-ray emission from SN 2011dh. If the early-phase X-ray 
was due to the high density CSM and the free-free emis- 
sion, then the late-phase X-ray luminosity should stay as 
luminous as 10 37 erg s _1 even at a few years after the 
explosion. Otherwise, it should be below ~ 10 36 erg s _1 . 

The free- free emission follows the temporal evolution of 
yLff oc t -1 (|Chevalier et al.ll2006aHChevalier fc Franssonl 
2006b). The synchrotron X-ray is in the cooling regime, 
and roughly follows vLs Vn oc t ~° 8 without the flattening 
(|Chevalier fc Franssonl l2006bl : lMaedall2012bD . With the 
flattening at = 200, the synchrotron X-ray emitting 
electrons are above this energy, and thus vL svri oc i~ 0,3 
(|Chevalier fc Franssodl2l06bT (Maedall2012bl) . 

In case that the early-phase X-ray was dominated by 
the IC (which is testable from the late-phase observa- 
tion as mentioned above), it provides an interesting pos- 
sibility to probe the electro n acceleration mechanism 
(|Chevalier fc Franssonl l2006bf ). If there is the spectral 
flattening, the synchrotron X-ray emission can dominate 
in the late-phases, and this effect can be identified by 
the characteristic relatively flat evolution with nearly a 
constant luminosity (oc £~°- 3 ). If 73 = 200, this behavior 
can be detectable by Chandra now (Fig. 3). 

5. CONCLUDING REMARKS 

In this paper, we have proposed new approaches to 
investigate the injection and acceleration problem of rel- 
ativistic electrons at a strong shock wave. A peculiar 
feature derived from synchrotron radio emissions (in cm 
wavelengths) from nearby young SNe, especially estab- 
lished for stripped-envelope SNe (Ilb/Ib/Ic), is the steep- 
ness in the intrinsic energy distribution of the radio- 
emitting relativistic electrons. We suggest this steep 
distribution could result from a pre-acceleration mecha- 
nism able to energize electrons up to the energy threshold 
needed to start the DSA, as the cm emission is produced 
by electrons whose mean free path is smaller than the 
shock wave width under the physical conditions realized 
in young SNe. 

According to this interpretation, we suggest that the 
relativistic electron's energy distribution could be flat- 
tened toward the high energy. We provide an estimate 
about the energy scale of electrons as ~ 100 MeV (i.e., 
7fl ~ 200) where this could most likely happen. We sug- 
gest that identifying (or constraining) this feature can 
provide an important clue for the still-unresolved elec- 
tron injection problem, and propose two practically ac- 
cessible diagnostics on this issue, (1) mm/sub-mm ob- 
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servations in the first one year, and (2) late-time X-ray 
observations around one year after the explosion or there- 
after. The mm/sub-mm emission from stripped-envelope 
SNe is detectable up to - 25 Mpc by ALMA. The second 
is applicable up to ~ 10 Mpc by Chandra, and currently 
testable for SN lib 2011dh in M51. 

Besides investigating the possible flattening of rela- 
tivists electrons' distribution, these methods will pro- 
vide additional information. The mm/sub-mm observa- 
tion can be used to place an independent constraint on 
the magnetic field strength behind the shock wave. The 
late-time X-ray observation is able to distinguish the X- 
ray production mechanism in the early phase. Also, we 
emphasize the additional uniqueness of the mm/sub-mm 
observation - the transparency even for SNe ellb and 
possibly SNe Hp within dense CSM. By combining the 
cm and mm observations, both optically thick and thin 
emissions can be traced to deri ye physical qua ntities be- 
hind the shock wave (see, e.g., Maeda 2012a). We also 
note that this transparency increases the applicability of 
the method to study the sho ck breakout us ing the early- 
phase synchrotron emission (|Maedall2012bh . to SNe with 
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more dense CSM than in cm. 

Our model prediction is based on the model which 
explains the cm emission from nearby SN cllb 2011dh 
(jMaedal l2012al ). SN 201 ldh is typical among SN e 
cllb/Ib/Ic in its radio properties ([Soderberg et al.1 12012). 
and there is a wide distribut ion of SNe Ilb/Ib/Ic 
in the synchrotron luminosi ty (|Chevalier et al.l l2006at 
IChevalier fe Soderberg! [2010h . There are radio strong 
SNe Ilb/Ib/Ic, more luminous than SN 201 ldh by an or- 
der of magnitude or even more, includin g 'engine- driven' 
SNe sometimes associated with GRBs (jSoderberg et al.l 
120101 ). For these especially radio strong SNe, the ALMA 
detectable horizon extends even to the greater distance, 
i.e., ~ 100 Mpc. 
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